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Available online 1 November 2013AbstractMechanical properties and corrosion resistance of Si3N4 films are studied by using different experiment parameters, such as plasma enhanced
chemical vapor deposition (PECVD)RF power, ratio of reaction gas, reaction pressure and working temperature. The etching process of Si3N4 is
studied by inductively coupled plasma (ICP) with a gas mixture of SF6 and O2. The influence of the technique parameters, such as ICP power, DC
bias, gas composition, total flow rate, on the etching selectivity of Si3N4/EPG533 which is used as a mask layer and the etching rate of Si3N4 is
studied, in order to get a better etching selectivity of Si3N4/EPG533 with a faster etching rate of Si3N4. The optimized process parameters of
etching Si3N4 by ICP are obtained after a series of experiments and analysis. Under the conditions of the total ICP power of 250 W, DC bias of
50 W, total flow rate of 40 sccm and O2 composition of 30%, the etching selectivity of 2.05 can be reached when Si3N4 etching rate is 336 nm/min.
Copyright  2013, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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The silicon nitride (Si3N4) dielectric film has been widely
used in the integrated circuit, wear and corrosion-resistant
coatings, surface passivation, layer insulation and dielectric
capacitor, etc due to its excellent physical and chemical
properties, high density and dielectric constant, good insu-
lating properties and excellent Naþ resistance. In addition,
Si3N4 thin film has been widely used in microelectronics
mechanical systems because of its excellent mechanics and
mechanical properties, such as anti-fatigue, anti-flex, friction
resistance. Especially, the films prepared by PECVD method
have a lot of advantages, such as low deposition temperature,
high growth rate and good uniformity. Therefore they are often* Corresponding author.
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device and system. However, the films always have internal
stress, which often results in deformations or failures of the
microcantilever beam devices. And the preparation MEMS
devices are heavily dependent on the etching process of films.
At present, the main etching processes for graphical Si3N4
films are wet etching and dry etching .The wet chemical
etching process is simple and of low cost. Although the line
width in making graphics of micro devices is more and more
narrow and the requirement of Si3N4 etching is higher, the dry
etching can avoid these defects successfully, for which dry
etching is especially suitable for the fine machining of devices.
Until now, there are not much special reports on the me-
chanical properties and corrosion resistance of Si3N4 for me-
chanical and optical devices. This experiment and analysis on
silicon nitride stress characteristics and ICP etching were
carried out to get the accurate and optimized parameters. The
Si3N4 thin films were fabricated in the case of different stress
states by changing the process conditions of PECVD and the
relation among stress and SHi4/N2 flow ratio, RF power, re-
action pressure and substrate temperature was also studied.
Si3N4 was etched by ICP with the introduction of SF6 gas and
O2 gas, and the influence of process parameters on Si3N4ction and hosting by Elsevier B.V. All rights reserved.
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to provide a necessary experimental support for Si3N4 use in
mechanical and optical devices [1].
2. Preparation of Si3N4 thin film
The Si3N4 film is prepared by PECVD-1201 type equip-
ment produced by Beijing Weina Science and Technology Co.,
ltd., which is a typical parallel plate plasma deposition table
Plasma discharge frequency of RF power supply is
13.56 MHz. The substrate is the double-side polished silicon
wafer (100), the resistivity was 5w9 U cm, and the substrate is
put into a reaction chamber after standard cleaning. The base
pressure of reaction chamber is pumped to 2.5  103 Pa,
reaction chamber is heated by iodine arc lamp. And then the
recreation gas SiH4, which is diluted by 90% Ar and high-
purity N2 are introduced, and kept SiH4 and N2 undergoes a
chemical reaction under the activation action of RF plasma.
Then the film is deposited on a silicon wafer. The chemical
reaction of SiH4 and N2 is expressed by
3SiH4þ 2N2/Si3N4þ 6H2 ð1Þ3. PECVD Si3N4 film etching3.1. Parameters of Si3N4 filmThe reaction gases are SiH4 and N2 during etching, and the
process parameters are shown in Table 1. After 60 min the
thickness of the Si3N4 film reached 500 nm.3.2. Fabrication of masking layerMask layers for experiment are fabricated by EPG533 type
photoresist. about 2 mm in thickness, is coated by spin-coating
method, exposed for 10 s by Quintel Q4000 lithography ma-
chine, and then developed for 45 s in KMP PD238-II devel-
oping solution to obtain the graphics of mask layer.3.3. ICP etchingICP-98A high density plasma etching machine, which was
produced by Chinese Academy of Sciences Institute of Mi-
croelectronics, is the main machine for this experiment. The
equipment is equipped with two independent 13.56 MHz RF
power sources RF1 and RF2. RF1 is inductively coupled into
reaction chamber; after coil compression, RF energy is
coupled into the reaction chamber and generates an alternating
electromagnetic fields, which would lead the glow dischargeTable 1
The growth parameters of Si3N4 thin film.
Substrate
temperature
RF
power
Operating
pressure
SiH4
flow rate
N2
flow rate
250 C 200 W 20 Pa 40 sccm 60 sccmof reaction gas to produce plasma that is consisted of active
free radicals, metastable particles and atoms. The silicon
substrate in reaction chamber is also powered with negative
bias voltage by RF2 and the plasma becomes perpendicular to
the substrate. The plasma reacts with the surface material to
generate evaporable gas which is discharged from the exhaust
port. Compared with traditional reactive ion etching equip-
ment, plasma density in the system is higher about two orders
of magnitude, which could reach 1011e1012 cm3. In the
experiment, the etching power is 0e1500 W, the bias power
was 0e500 W, and the gas flow was 0e200 cm3/min [2].
SF6 þ O2 were taken as etching gas, and the chemical re-
actions in the etching process are
Si3N4þ F /SiF4þN2 ð2Þ
N2þO2/NOþNO2 ð3Þ
where F stands for active group which has well chemical
reactivity. The etching of silicon nitride is completed after the
gases, such as SiF4, N2, NO and NO2, generated in the reaction
are pumped out of the reaction chamber by vacuum system
[3].3.4. Data detectionMP100-S film thickness tester produced by American
Mission Peak Optics company is used for the measurement of
the photoresist thickness before and after etching. Taylor Surf
CCI2000 non-contact surface measuring instrument is used for
the measurement of depth difference before and after etching
and the surface roughness after etching could be also
observed.3.5. Experimental data and analysisThe parameters that influence the etching results include
ICP power, DC bias, gas composition, and total gas flow rate.
The etching selectivity of Si3N4/EPG533 is sensitive to the
change of the parameters. The experimental analysis of
etching selectivity of Si3N4/EPG533 and etching rate of Si3N4
is described here.3.5.1. Influence of ICP power on etching selectivity and
etching rateFig. 1 shows the curves of etching selectivity and etching rate
with the change of ICP power under the conditions of bias power
of 50W, SF6 flow rate of 42 mL/min, O2 flow rate of 18 mL/min,
operating pressure being 0.7 Pa. It can be seen from Fig. 1 that
Si3N4 etching rate linearly increased from196 nm/min at 50W to
493 nm/min at 450Wwith the rise of ICP power, and the etching
selectivity of Si3N4/EPG533 increases with the rise of ICP power
below 250 W, and reaches 1.53 at 250 W. But the etching selec-
tivity would decrease if ICP power continues to rise. Because the
rise of ICP power led to the increase in ion concentration of
plasma and the enhancement of the physical sputtering and the
Fig. 1. Relation among etching selectivity, etching rate and ICP power.
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free electrons and etching gas molecule was enhanced to create
more F ions, which enhanced the chemical reaction speed of
etching surface and increased the etching rate linearly [4]. When
ICP power is beyond a certain value, Si3N4 surface roughness
turned to be poorer, Fig. 2 shows the erosion topographies at the
different powers. And when ICP power increases to a certain
value, the etching rate of EPG533 would grow faster than the
etching rate of Si3N4, then the etching selectivitywould decrease.3.5.2. Influence of bias power on etching selectivity and
etching rateFig. 2. The erosion topography at different power.Fig. 3 shows the curves of etching selectivity and etching
rate with the change of bias power under the conditions of ICP
power being 250 W, SF6 flow rate of 42 mL/min, O2 flow rate
of 18 mL/min, and operating pressure being 0.6 Pa. It can be
seen from Fig. 3 that Si3N4 etching rate increases sharply from
273 nm/min at 20 W to 488 nm/min at 150 W with the rise of
bias power. The etching selectivity of Si3N4/EPG533 increased
with the rise of bias power blow 50 W. It reached 1.53 at 50 W
but decreased when the bias power continued to rise. The
reason is that bias power controls the energy of free radicals
that reach the substrate surface, and makes the plasma
perpendicular to the substrate. Therefore, with the increase in
bias power, the directivity of ion was enhanced to lead to more
anisotropy which would attract more ions to impact the sur-
face of sample at a faster speed and then improved physical
sputtering and chemical reaction speed on the surface [5,6].
But as bias power increases to a certain value, Si3N4 surface
roughness turned to be poorer. When power increases to a
certain value, the etching rate of EPG533 would grow faster
than the etching rate of Si3N4, so the etching selectivity
decreases.3.5.3. Influence of gas composition on etching selectivity
and etching rateFig. 4 shows the curves of etching selectivity and etching
rate with the change of O2 rate and under the conditions of ICPpower of 250 W, bias power of 50 W, total flow rate of60 mL/
min, operation pressure of 0.8e1.4 Pa. It can be seen from
Fig. 4 that Si3N4 etching rate increased from 214 nm/min at
0% to 302 nm/min at 30% with the rise of O2 rate, and
selectivity grows from 0.86 to 1.53. When O2 rate increase to
70%,the etching selectivity and rate decrease to 0.5 and
167 nm/min, respectively. The reason is that the etching rate
depends on the generating and eliminating rates of SiF4 and
SF2 when O2 is low. Because of the poor volatility of SiF4 and
Fig. 3. Etching Selectivity and rate at different bias powers.
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to prevent the chemical reaction process and limit etching rate.
While O2 content in the etching gas gradually increases, O2
reacts with the N ions in Si3N4 and generated NO and NO2,
which would lead to the increase of etching rate. And while O2
content turn to be more than 30%, the etching rate decreases,
The reason is that SiOx which can not be wiped out timely to
influence the etching is easily generated if O2 content is
higher; by the way, the increase in O2 content may decrease
the density of SF6 and etching rate [7]. The etching rate of
EPG533 is more sensitive to the change of O2 flow rate than
that of Si3N4. Therefore, the selectivity decreases sharply
when O2 content is more than 30%.3.5.4. Influence of total gas flow rate on etching
selectivity and etching rateFig. 5 shows the curves of etching selectivity and etching
rate with the change of gas flow under the conditions of ICP
power of 250 W, bias power of 50 W, operating pressure of
0.5e1.4 Pa, and flow ratio of SF6 and O2 of 7:3. It can be seen
from Fig. 5 that Si3N4 etching rate increases from 275 nm/min
at 30 mL/min to 336 nm/min at 40 mL/min with the rise of
total gas flow rate in the case of same ratio of SF6 and O2.Fig. 4. Etching selectivity and rate of Si3N4 with different O2 content.Etching selectivity increases from 1.13 to 2.05. The etching
selectivity of Si3N4/EPG533 decreases to 1.02 when the total
gas flow rate increases to 70 mL/min, and the etching rate
decreases to 287 nm/min. The reason is that the density of
plasma in the chamber decreases when the gas flow rate
decreased, which leads to the lack of active material. With the
continuing increase in total gas flow rate, the improved pres-
sure in the reaction chamber would weaken the bombardment
effect of high-energy ion on the Si3N4 surface and the reaction
products of SiF4 and SF2 could not be removed from the
etched surface timely to stop etching. More energy that takes
part in the etching of plasma would be helpful to enhance the
sputtering and reaction rate on surface. If the increase in
etching rate of Si3N4 is higher than that of EPG533, a higher
selectivity could be reached. But if the pressure in reaction
chamber is higher with the increase in gas flow rate, which
would weaken the bombardment effect of energetic ion on the
surface of Si3N4, the reaction products of SiF4 and SF2 would
not be expelled from the etched surface in time to prevent the
etching process. If the decrease in etching rate of Si3N4 is
more than that of EPG533, the selectivity would decrease.4. Stress test of Si3N4 thin film4.1. Test principleThe stress of Si3N4 film is measured by BGS6341 type
electronic membrane stress distribution tester. Based on laser
interference phase shift principle, the tester is used to the
measure the substrate deformation or curvature radius that is
caused by the stress of film and translate it into the stress of
film. According to the Stoney equation, the relation between
the distance from surface W(x, y) at a point (x, y) on Si sub-
strate and the curvature radius R(x, y) of this point and the
stress distribution s(x, y) is expressed as follows Curvature
1
Rðx; yÞ ¼
v2Wðx; yÞ
vx2
þ vWðx; yÞ
vy2
ð4ÞFig. 5. Relation among the selectivity, etching rate and total gas flow.
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where E and g are the Young’s modulus and Poisson’s ratio of
Si substrate, respectively; ds and df are the thickness of Si
substrate and Si3N4 thin film, and R(x, y) is the curvature
radius of any point (x,y) on substrate. s > 0 for tensile stress,
s < 0 for pressure stress [8].4.2. Test data and analysis
4.2.1. Influence of RF power on internal stress of Si3N4 film
By comparing the experimental results of group 1, 2 and 3, it
is showed that the internal stress of Si3N4 film increases with the
rise of RF power. The stress of Si3N4 film increased from
452 MPa (100 W) to635 MPa (200 W), and holds a state of
pressure stress .When the flow rate of SiH4 was 42 mL/min, the
flow rate of N2 is 18 mL/min, the reaction pressure was 70 Pa,
and the temperature is 200 C. With the increase of RF power,
the average energy of electrons per unit volume in vacuum
chamber increased so as to increase the reactive particle beams
of plasma and the energy in which contribute to the ion
bombardment effect. The greater the power is, the more serious
the ion bombardment effect would be, and then the film is in
pressure stress state, and stress also increases with the increase
in the power. Deposition rate is increased by increasing reactive
particles. At a lower power(less than 80W) [9], the effect of ion
bombardment is not significant, and the deposition of film is the
major reason for the internal stress. Nevertheless, deposition
rate increased with the increase of the power. If the deposition
rate is overhigh, the particles that reached the surface of sub-
strate may be covered by the next particles, and the extrusion
between particles leads the film to be in pressure stress state.
With further increase in power, the film stress is influenced by
the faster deposition rate of film and the effect of ion
bombardment. Then, the stress would further increase. When
the power reaches 200 W, the film stress is influenced only by
the effect of ion bombardment (Table 2).Table 2
The stress of Si3N4 thin film.
No. RF power
/W
SiH4 flow
rate/sccm
N2 flow
rate/sccm
Reactio
pressure
1 100 40 60 70
2 150 40 60 70
3 200 40 60 70
4 100 20 80 70
5 100 30 70 70
6 100 50 50 70
7 100 40 60 30
8 100 40 60 50
9 100 40 60 70
10 100 40 60 70
11 100 40 60 704.2.2. Influence of reaction gas flow ratio on internal stress
of Si3N4 film
By comparing the experimental results of group 1, 4, 5 and
6. It can be founded that the internal stress of Si3N4 film
increased with the rise of RF power. When RF power is 100 W,
reaction pressure was 70 Pa, and temperature was 200 C, the
stress of Si3N4 film increases from 403 MPa (reaction gas
flow ratio of SiH4 and N2 is 0.25) to 530 MPa (reaction gas
flow ratio of SiH4 and N2 is 1) and is kept to be in pressure stress
state. This is because of the influence of Si and N atoms of
Si3N4 film, the ratio of Si and N atoms in Si3N4 film exceeded
0.9, which the film is in rich Si state, when the flow ratio of SiH4
and N2 is more than 0.8. But when the flow ratio of SiH4 and N2
is in the range of 0.2e0.4, the ratio of Si and N atoms of the
Si3N4 film is about 0.75 that is close to the standard stoichio-
metric ratio of Si3N4 film [10]. While the flow ratio of SiH4 and
N2 is in the range of 0.2e0.4, and the structure of Si3N4 thin
film compacted without redundant Si or N atoms, internal stress
of film is very small. With the rise of flow ratio of SiH4/NH4,
the ratio of Si and N atoms in the Si3N4 film increases. When
the film has many defects or holes, rich Si or N atoms would fill
in the holes to extrude the film molecules around the holes, then
the film would be in pressure stress state [5].4.2.3. Influence of reaction pressure on internal stress of
Si3N4 films
By contrasting the experimental results of group 1, 7 and 8,
it was showed that the stress of Si3N4 films decreased with the
rise of reaction pressure,and the stress of Si3N4 film decreases
from 732 MPa (reaction pressure is 30 Pa) to
452 MPa(reaction pressure is 70 Pa), when RF power is
100 W, reaction gas flow ratio of SiH4 and N2 is 1, and tem-
perature is 200 C. The reason is that collision frequency per
unit volume of electrons in Vacuum cavity is smaller, and
electronic energy is distributed to the high energy region.
when reaction pressure is low. This would lead the active
particles of plasma to carry more energy so that the ion
bombardment effect would be easier to take place. When ion
energy reaches a certain range, the atomic bond of Si3N4 films
would be broken, and then stress pressure is reached. If re-
action pressure continues to improve, electron collision fre-
quency would increase appropriately, the energy that then
/Pa
Substrate
temperature/C
Deposition
rate/(nm min1)
Mean stress
/MPa
200 7.4 452
200 7.8 508
200 9.9 635
200 6.1 403
200 6.5 434
200 8.7 530
200 6.3 732
200 6.9 497
100 11.5 687
300 7.1 185
400 6.9 391
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would be weakened, and film stress would decrease [11].4.2.4. Influence of temperature on internal stress of Si3N4
films
By contrasting the experimental results of Group 1, 9, 10
and 11, it is showed that the stress of Si3N4 films is changed
from pressure stress to tensile stress with the rise of temper-
ature under the conditions of RF power of 100 W, reaction gas
flow ratio of SiH4 and N2 of 1, and reaction pressure of 70 Pa.
The reason is that the lateral movement rate of ion that reaches
the surface was proportional to the temperature of the sample
surface during the growth of film. When sample temperature is
low, the movement rate of ion on the thin film surface would
be lower. So, the external ions constantly reach to sample
surface, at the same time, the lateral mobility of ion is small
and due to low temperature, the exiting ion is covered by a
coming ion before it laterally shifts to its lattice position,
which certainly causes blocking. After the film is formed,
blocking expanded to form pressure stress. If the temperature
of sample surface is higher, the ions absorbed on the surface
and the intermediate or accessory products are easily desorbed
and escaped from the surface to return to reaction chamber
where they would turn to be gas molecules pumped out from
reaction chamber. As a result, more voids are generated on the
sample surface. Finally, because of so much voids in the SiN
film, the film is contracted to easily cause tensile stress [12].5. Conclusions
After the study of the relation between film stress and
deposition process parameters of Si3N4 film, and the relation
between etching selectivity and etching parameters, the
following conclusions have been reached.
1) With a certain etching rate of Si3N4, the ideal Si3N4/
EPG533 etching selectivity can been obtained by changing
the experimental parameters, such as ICP power, DC bias,
gas composition and total gas flow rate. The test results
show that, with the increase of ICP power, DC bias, O2/
SF6 gas flow ratio and total flow rate, Si3N4/EPG533
etching selectivity increases at first and then decreases;
and when we take the effect of etching damage is taken
into consideration, the good Si3N4/EPG533 etching
selectivity ratio and Si3N4 etching rate can be obtained in
the case of a certain total reaction gas flow rate. The
optimized process conditions are that, when ICP power is
250 W, bias power is 50 W, total gas flow is 40 sccm, O2
component is 30%, and Si3N4/EPG533 selectivity ratio is
2.05 with Si3N4 etching rate of 336 nm/min.2) The Si3N4 thin films are prepared at different stress states
by changing the experimental parameters of PECVD, such
as, RF power, reaction gas ratio, reaction pressure and
reaction temperature. With the increases in radio fre-
quency power and SHi4/N2 flow ratio, the silicon nitride
thin film is in pressure stress state and the stress increases
gradually. With the increase in reaction pressure, the stress
of silicon nitride thin film decreases gradually, and always
is in the pressure stress state. With the increase in tem-
perature, the stress state is turned from the pressure stress
to tensile stress.Acknowledgements
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